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FOREWORD 

This  report  was  prepared  by  the  Engineering  Experiment  Station 
of  the  Georgia  Institute  of  Technology,  .Vlanta,  Georgia  30332 
under  U.  S.  Army  Contract  BAAH01-72-C-040'». 

The  work  under  this  program  was  conducted  as  two  separate  tasks. 
Task  I  was  "An  Investigation  of  Fused  Silica  Composites  for  Improvement 
of  Ablation  and  Rain  Erosion  Resistance."  Task  II  was  "An  Alternate 
Method  for  Manufacture  of  Fused  Silica  Radomes."  Therefore,  the  report 
is  divided  into  two  sections.  Section  I  is  concerned  with  slip-cast 
fused  silica  composites.  Section  II  discusses  the  isostatic  pressing 
of  fused  silica  powders. 

Principal  personnel  engaged  in  work  on  this  program  were  J.  N. 
Harris,  R.  A.  Arrieta,  G.  Boscoe,  S.  A.  Byers,  N.  E.  Poulos,  J.  D. 
Walton  and  E.  A,  Welsh.  Authors  of  this  report  were  E.  A.  Welsh, 

S.  A.  Byers,  J.  N.  Harris,  R.  A.  Arrieta  and  G.  Boscoe. 


ABSTRACT 

The  objectives  of  this  program  are  to  develop  composite  materials 
based  on  slip-cast  fused  silica  which  have  a  higher  degree  of  rain 
erosion  resistance  and  ablation  resistance  than  fused  silica  itself, 
and  to  develop  a  method  other  than  slip  casting  for  fabrication  of 
rebonded  fused  silica  radomes. 

Task  I  of  this  program  studied  the  effects  of  small  additions  of 
SiC  and  Si^N^  on  the  ablation  and  rain  erosion  resistance  of  slip- 
cast  fused  silica.  The  best  composites  were  in  the  range  of  10  per 
cent  SiC  and  10  per  cent  Si^N^.  Ablation  resistance  was  improved 
with  both  additives,  but  resistance  to  rain  erosion  did  not  show 
any  improvement  under  the  test  conditions  used. 

Task  II  of  this  program  evaluated  isostatic  pressing  as  an 
alternate  radome  forming  method.  Radome  shapes  were  pressed;  however, 
physical  properties  of  the  pressed  fused  silica  powders  were  less 
than  those  of  slip-cast  items.  Work  so  far  indicates  that  the  isostatic 
pressing  process  has  potential,  but  that  further  development  is 
still  needed. 
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SECTION  I 

SLIP-CAST  FUSED  SILICA  COMPOSITES 


A.  Introduction 

1.  Program  and  Objectives 

The  objective  of  work  carried  out  under  this  phase  of  Contract 
DAAHOI-/2-C-0400  was  to  produce  optimal  slip-cast  fused  silica  composites 
having  better  rain  erosion  and  ablation  resistance  than  unmodified  slip- 
cast  fused  silica.  Previous  efforts  have  demonstrated  that  silicon 
carbide  and  silicon  nitride  additives  have  itr^roved  ablation  resistance 
of  slip-cast  fused  silica.  The  program  will  concentrate  on  these 
materials. 

2.  Program  Goals 

The  gGals  of  the  program  were  outlined  as  follows: 

a)  To  study  the  effects  of  particle  size 
distribution  on  packing  efficiency  and 
tensile  strength  of  composite  materials. 

b)  To  obtain  maximum  tensile  strength  for 
composite  materials  by  optimizing  casting 
and  sintering  conditions. 

c)  To  evaluate  the  relative  ablation  and  rain 
erosion  resistance  of  selected  composite 
materials. 


3.  Background 

Slip-cast  fused  silica  is  one  of  a  very  few  materials  suitable 
for  radome  applications  above  Mach  5.  Its  excellent  thermal  shock 


resistance,  stable  dielectric  properties  with  respect  to  changes  in 
temperature  and  frequency,  and  low  thermal  conductivity  are  unequaled 
by  any  other  material.  However,  there  is  a  reed  for  improvement  of 
slip-cast  fused  silica  in  the  areas  of  ablation  and  rain  erosion 
resistance. 

Unlike  most  other  ceramic  materials  fused  silica  does  not  have 
a  true  melting  point  that  is  sharply  defined  by  a  sudden  rapid  decrease 
in  viscosity.  The  generally  quoted  melting  temperature  is  that 

defined  as  softening  point  cf  glasses  and  corresponds  to  a  viscosity 

7  6 

of  10  ’  poise.  This  viscosity  is  reached  at  a  temperature  of 
approximately  3110°  F.  Above  this  temperature  the  viscosity  of 
fused  silica  continues  to  decrease  slowly  and  Is  still  greater  than 
104  poise  at  4500°  F. 

For  certain  high  temperature  applications  where  low  shear  is 
involved,  fused  silica  may  be  used  at  temperatures  above  its  stated 
melting  point.  However,  radomes  operating  above  Mach  5  are  subject 
to  high  temperature  and  high  shear.  This  could  cause  a  deformation 
of  the  silica  due  to  plastic  flow  or  under  more  severe  conditions 
could  cause  a  stripping  away  of  the  surface  layers. 

One  of  the  advantages  of  slip-cast  fused  silica  radomes  is  their 
low  cost  compared  to  other  ceramic  radomes.  Slip-casting  is  a  low-cost 
method  of  fabrication  and  final  dimensions  are  easily  obtained  by 
machining  with  diamond  grinding  wheels.  The  relative  softness  of 
the  slip-cast  material  speeds  up  the  machining  process  but  is  a 
detrimenc  to  rain  erosion  resistance.  A  ranking  of  rain  erosion 
resistance  for  candidate  ceramic  radome  materials  for  use  above 
Mach  5  is  shown  in  the  following  table. 
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TABLE  I 


RELATIVE  RAIN  EROSION  RESISTANCE  OF  CANDIDATE  CERAMIC 
RADOME  MATERIALS 


Good 

Fair 

Poor 

Al2°3 

Pyroceram  9606 

SCFS 

BeO 

Rayceram  III 

IPBN 

Although  the  rain  erosion  and  ablation  resistance  of  slip-cast  fused 
silica  radomes  is  satisfactory  for  current  applications  it  needs  to 
be  improved  for  future  requirements. 

In  improving  rain  erosion  and  ablation  resistance  it  is  impor¬ 
tant  not  to  degrade  the  dielectric,  thermal  shock  and  thermal  con¬ 
ductivity  properties  of  the  slip-cast  fused  silica.  One  method  of 
accomplishing  this  is  by  the  addition  of  small  quantities  of  very 
refractory  and  very  hard  materials  which  will  not  react  chemically 
with  the  silica.  It  has  been  shown  by  Kingery  JL/  and  others  that 
the  addition  of  small  quantities  of  material  to  a  major  phase  has 
very  little  effect  on  properties  such  as  thermal  conductivity  and 
dielectric  constant.  However,  small  additions  of  refractory  material 
could  make  the  silica  more  viscous  and  less  likely  to  flow  under 
high  temperature  and  high  shear.  It  could  also  prevent  the  propa¬ 
gation  of  surface  cracks  in  the  silica  caused  by  high  velocity 
impact  with  rain  or  other  materials. 

Past,  attempts  to  use  fibrous  refractory  materials  for  these 
purposes  2 /  have  proven  unsatisfactory  due  to  packing  problems  in 
slip-casting  and  the  inability  to  increase  the  density  on  sintering. 


Because  of  these  problems  the  use  of  particulate  materials  was 
investigated.  A  wide  range  of  very  refractory  materials  was 
investigated  3/;  however,  some  of  these  materials  were  much  denser 
than  fused  silica  and  problems  occurred  in  obtaining  homogeneous 
samples  while  using  slip-casting  techniques.  Further  experience 
on  the  same  program  has  indicated  that  improved  ablation  and  impact 
resistance  is  achieved  when  small  additions  of  silicon  carbide  and 
silicon  nitride  powders  are  added  to  the  fused  silica  slip.  These 
particles  do  not  dissolve  into  the  fused  silica  but  are  retained  as 
a  discrete  phase  in  the  fused  silica  matrix. 

Three  refractory  additives  appear  promising  for  increasing 
ablation  and/or  rain  erosion  resistance  of  slip- cast  fused  silica. 
These  are:  boron  nitride  (BN),  silicon  carbide  (SiC)  and  silicon 
nitride  (Si-N, ) . 

Boron  nitride  has  a  much  higher  heat  of  ablation  than  does 
fused  silica;  hence,  combining  boron  nitride  powder  with  fused  silica 
slip  should  result  in  a  composite  material  with  improved  ablation 
properties.  Boron  nitride,  like  fused  silica,  has  a  relatively  low 
rain  erosion  resistance;  therefore,  it  is  not  expected  that  any 
improvement  in  rain  erosion  resistance  will  be  achieved  with  SiC^/BN 
composites.  The  dielectric  constant  and  the  density  of  BN  are  rela¬ 
tively  close  to  that  of  fused  silica  so  there  should  be  no  problems 
with  fettling  of  the  BN  out  of  the  slip,  and  there  should  be  no 
great  changes  in  effective  dielectric  constant  of  the  composite. 

Composites  of  slip-cast  fused  silica  and  silicon  carbide  have 
been  prepared  at  Georgia  Tech  which  show  some  improvement  ove'-  slip- 
cast  fused  silica  in  both  resistance  to  impact  and  resistance  to 
ablation.  The  density  of  silicon  carbide  is  relatively  close  to  the 
density  of  fused  silica,  so  no  settling  problems  occur  in  slip 
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casting  composites.  Unfortunately,  technical  grade  silicon  carbide 
is  an  electrical  conductor  and  may  restrict  SiC^/SiC  composites  to 
non-electrical  uses  such  as  nose  tips  and  leading  edges.  The  higher 
purity  grades  of  SiC  have  higher  resistances  and  composites  made  with 
these  grade  may  have  satisfactory  dielectric  properties  for  radome 
use;  however,  this  can  only  be  determined  by  experiment. 

Silicon  nitride  has  hardness  and  other  properties  similar  to 
silicon  carbide  and  in  addition  has  good  dielectric  properties.  It 
is  expected  that  silicon  nitride  in  a  fused  silica  composite  would 
act  very  similarly  to  silicon  carbide.  A  SiO^/Si^N^  composite  should 
also  have  dielectric  properties  very  similar  to  slip-cast  fused  silica 
since  the  dielectric  constant  of  Si^N^  is  only  slightly  higher  than 
that  of  fused  silica. 

B.  Experimental  Program 

1.  Literature  Survey 

A  literature  survey  was  carried  out  to  determine  what,  if 
any,  literature  was  available  on  the  relationship  between  particle 
size  distributions  of  slips  and  the  bulk  densities  of  castings. 

Many  studies  have  been  made  of  packing  of  sized  spheres  and  of 
dry  powders,  but  relatively  little  information  was  found  on  slip 
casting. 

The  most  frequently  cited  relationship  was  the  empirical 
Andreasen  equation  4/,  5/  which  states  that  in  order  to  obtain 
maximum  packing  density  in  a  slip-cast  material,  the  particle  size 
distribution  of  the  casting  slip  must  fall  within  the  range  defined 

by: 

a  m 

p  -  cg>  « 


where 


P  =  weight  fraction  of  particles  less  than  diac  ter  ,rd"' 

D  =  maximum  particle  diameter 
m  =  a  constant  ranging  from  0.33  to  0.5 
A  different  approach,  although  still  somewhat  empirical,  was 
that  taken  by  Pivinski  (>/,  _7/.  With  this  method,  coarse-grained 
fillers  are  added  to  a  slip  to  create  a  framework  of  coarse  grains 
with  its  interstices  filled  with  the  finer  material  from  the  slip. 
The  settling  of  large  particles  is  a roided  by  increasing  the  volume 
per  cent  solids  of  the  slip  and  filler  to  the  point  that  the  visco¬ 
sity  is  sufficient  to  hold  the  coarse  filler  in  suspension.  The 
bulk  density  of  a  casting  is  given  by: 


pcast  Vf  PT 


1  (1  -  Vf)  (pQ) 


where  V  ,  the  volume  fraction  filler  in  the  casting,  is  given  by: 

Wfpo 


Vf  = 


p,j, 


(2) 

(3) 


and  where 

W_  =  weight  fraction  filler 
f 

po  =  bulk  density  of  castings  with  no  filler 
=  specific  gravity  of  the  solid  phase 

This  relationship  is  said  to  hold  .or  values  of  up  to  60-65  per 

cer.r.  using  fused  silica.  Above  this  range,  there  is  insufficient 
slip  to  fill  the  voids  in  the  filler  packing  and  density  begins  to 
drop.  As  an  example,  a  slip  containing  the  maximum  volume  filler 
is  said  to  have  a  specific  gravity  of  2.05  gm/ cm  ,  a  moisture  content 
of  up  to  7  pet'  cent  and  a  volume  fraction  solids  of  up  to  87  per 
cent.  Castings  from  this  slip  have  minimum  porosities  or  appiOXiina- 
tely  6,5  per  cent,  a  value  normally  approached  in  well-sintered  slip- 
cast  fused  silica.  In  actuality,  this  amounts  to  aggregate  casting 
and  requires  vibration  to  fill  the  mold. 
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A  final  approach,  on  more  of  an  analytical  basis,  is  that  of  Lewis 
and  Goldman  8/.  In  brief,  their  arguments  are  as  follows.  Most  simple 
particle  size  distributions,  whether  casting  slips,  or  screened  powders, 
tend  to  follow  a  log  normal  siz'-  distribution.  That  is,  the  particle 
sizes  are  distributed  normally  with  respect  to  the  logarithm  of  particle 
diameter.  When  such  a  cumulative  size  distribution  is  plotted  with  the 
cumulative  percentage  on  a  probability  scale,  it  follows  a  straight  line. 
Analytically  the  line  is  defined  by  a  minimum  of  two  parameters,  a  point 
and  a  slope.  In  statistical  terms,  the  point  represents  the  mean  dia¬ 
meter  and  the  slope  is  equal  to  the  inverse  of  the  variance  of  the  dis¬ 
tribution.  The  broader  the  range  of  particle  sizes,  the  less  the  slope 
of  the  straight  line  and  the  greater  the  variance  of  the  distribution. 
They  state  that  in  general  the  packing  efficiency  of  a  particulate 
system  increases  with  increasing  variance  (i.e.,  broader  particle 
size  distribution).  Specifically,  when  blending  two  distributions, 
a  higher  packing  efficiency  will  accompany  an  increase  in  the 
coefficient  of  variation  of  the  system.  The  coefficient  of  variation 
is  defined  as  the  ratio  of  the  variance  to  the  log  of  the  median 
particle  diameter.  A  long  series  of  analytical  expressions  for 
calculating  the  statistical  properties  of  size  distributions  and 
of  binary  blends  are  given. 

With  all  of  these  ideas  in  mind,  the  actual  experimental 
program  was  begun. 

2.  Fused  Silica  Slip  Characterization 

A  batch  of  high  purity  fused  silica  slip  was  purchased 
from  Thermo  Materials  Corporation.  Characterization  data  on  the 
slip  is  shown  in  Table  II  and  includes  mean  particle  diameter  (by 
sedimentation  as  in  ASTM-D422),  pH,  and  Brookfield  viscosity. 


A  vendor- supplied  chemical  analysis  of  the  slip  is  shown  in 
Table  III.  The  silica  content  is  by  difference.  The  alkali  metals 
are  determined  by  flame  photometry,  and  the  remaining  oxides  by 
quantitative  emission  spectroscopy. 

These  values  and  the  particle  size  data  meet  the  requirements 
of  the  current  Georgia  Tech  specification  for  high  purity  fused 
silica  slip  suitable  for  radome  manufacture. 

3 

Experience  has  shown  that  a  bulk  density  of  1.96  gm/cm  is  a 
satisfactory  density  for  radome  and  electromagnetic  window  require¬ 
ments.  Test  bars,  3/4-inch  diameter  by  6-inch  length,  required  5-1/2 
hours  sintering  at  2210°  F  to  reach  this  density.  Physical,  mechanical 
and  electrical  test  data  on  samples  sintered  under  these  conditions 
are  shown  in  Table  IV. 

3.  Composite  Development 

a,  Silicon  Carbide  Composites 

A  series  of  five  SiC  powders  were  obtained.  Measured 
particle  size  distributions  for  the  powders  are  shown  in  Figure  2. 

The  mean  particle  diameters  range  from  3.5  to  13  micrometers. 

Preliminary  work  on  fused  silica/SiC  composites  haa  been 
performed  under  a  prior  program  3/.  Samples  were  sintered  16  hours 
in  argon  at  2200°  F  with  no  attempt  to  optimize  sintering  for  each 
composition.  Some  of  the  resulting  da ta  is  shown  in  Table  V.  These 
results  indicated  that  while  a  coarse  Si.'  lowered  the  density 

of  the  sintered  samples  less,  a  powder  with  a  mean  particle  size 
nearly  the  same  as  the  fused  silica  sli;  produced  the  highest  strengths. 
This  suggested  that  the  addition  of  comparatively  coarse  particles 
to  the  slip  disturbed  the  packing  efficiency  less  than  did  additions 
of  fine  powders,  but  that  the  greater  surface  area  of  fine  powders 
might  aid  in  sintering  and  strength  development. 
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TABLE  II 


CHARACTERIZATION  DATA  0* 


0  MATERIALS  FUSED  SILICA  SLIP 
■2-2 


Particle  Size  Distributior 

Figure  1 

Median  Particle  Size 

7.3  ptm 

Per  Cent  Solids  in  Slip 

82.76 

Viscosity  @  RPM 

Centipoise 

6 

150 

12 

135 

30 

120 

60 

128 

pH 

4.6 

TABLE  III 

CHEMICAL  ANALYSIS  OF 

THERMO  MATERIALS  SLIP  050972-2 

Oxide  or  Metal 

Weight  Per  Cent 

Al2°3 

0.310 

Ti02 

0.003 

^e2^3 

0.002 

MgO 

0.007 

CaO 

0.002 

Ns 

<0.001 

V 

<0.001 

Li 

<0.001 

SiO„ 

99.670 

2 

hilfllltt . ill . . . . .  . . llljlillklMllil^^ 


TABLE  IV 

CHARACTERIZATION  DATA  ON  3/4- INCH  DIAMETER  CYLINDRICAL  TEST 
SPECIMENS  SLIP-CAST  FROM  THERMO  MATERIALS  SLIP  050972-2 
AND  SINTERED  5-1/2  HOURS  AT  2210°  F 


Per  Cent  Water  Absorption 

5.18  ±  0.05 

Per  Cent  Porosity 

10.14  ±  0.09 

Bulk  Density 

1.960  ±  0.002  gjn/cc 

Apparent  Specific  Gravity 

2.181  ±  0.002  gm/cc 

Flexural  Strength 

5136  ±  526  psi 

Modulus  of  Elasticity 

5.82  ±  0.12  x  106  psi 

Thermal  Expansion 

0.45  x  10~6/°C 

Dielectric  Properties* 

Temp 

erature  Dielectric  Constant  Loss  Tangent 

(°C) 

(°F) 

24 

75 

3.36 

0.0008 

260 

500 

3.39 

0,0009 

566 

1051 

3.45 

0.0015 

816 

1500 

3.49 

0.0025 

982 

1800 

3.53 

0.0030 

•-'Actual  density  of  dielectric  test 

specimens  was  1.947  gm/o,. 

Partic.1  e  Hi  ne  Distribution  -  Silicon  Carbide  Powder 
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As  a  firsc  attempt,  an  additive  was  selected  to  match  the 
particle  size  of  the  fused  silica  slip  as  closely  as  possible.  Since 
powder  "C"  had  approximately  the  same  mean  particle  diameter,  it  was 
c  logical  candidate.  However,  since  it  was  essentially  a  monofraction, 
the  slope  of  the  distribution  was  much  steeper.  To  broaden  the 
distribution  a  sljp  was  prepared  from  equal  volumes  of  powders  A, 

C  and  E. 

NOTE:  Since  sedimentation  particle  size  distribution  techniques 
are  not  applicable  to  mixtures  of  particles  of  different  specific 
gravity,  a  simple  scheme  was  used  to  predict  particle  size  distri¬ 
butions.  The  powder  distributions  and  the  slip  particle  size 
distribution  were  plotted  on  log-probability  paper  and  fitted  with  best 
fit  straight  lines.  These  lines  were  used  to  calculate  fitted  -’aiues 
for  the  cumulative  percentage  at  various  particle  diameters.  The 
percentage  at  any  diameter  or.  a  composite  slip  *?as  calculated  by 
summing  the  appropriately  weighted  percentages  for  each  component  at 
that  diameter.  This  technique  is  used  throughout  this  report. 

The  equal  blend  of  powders  A,  C  and  E  was  added  to  the  slip  in 
volumes  of  5,  10  and  15  per  cent.  For  further  comparison,  10  volume 
per  cent  additives  of  powders  A,  C  and  E  were  made  individually. 

Fifteen  test  samples,  2-1/2  inches  long  by  3/4-inch  diameter  were  cast 
from  each  composition.  After  casting  in  piaster  molds,  the  samples 
were  removed,  dried  at  350°  F  and  trimmed  with  a  silicon  carbide 
grinding  wheel  so  that  their  ends  were  parallel  and  perpendicular 
to  the  longitudinal  axis  of  the  bar.  Bulk  density,  and  dynamic 
Young's  modulus  for  each  sample  were  measured.  Then  three  samples 
from  each  composition  were  sintered  at  2300°  F  for  various  times. 
Sintered  bulk  density,  sintering  shrinkage,  and  change  in  both  bulk 
density  and  per  cent  theoretical  density  were  calculated  for  each 
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sample.  Figure  3  shows  per  cent  theoretical  density  as  a  function  of 
sintering  time  for  the  three  compositions  and  the  fused  silica  controls. 

•'■;ach  sintered  sample  was  then  cut  into  four  discs,  3/4-inch 
diameter  by  3/8- inch  long.  These  discs  were  stood  on  edge  and  broken 
in  diametral  compression  to  determine  tensile  strength.  The  average 
tensile  strengths  for  each  material  as  a  function  of  sintering  time 
are  shown  in  Figure  4. 

At  this  point  samples  were  prepared  from  slips  containing  10  v/o 
of  the  two  binary  ?:1  blends  of  each  of  the  three  powders  A,  C  and  E. 
Test  procedures  were  as  before.  Data  for  all  thirteen  compositions 
are  tabulated  in  Appendix  I. 

As  a  preliminary'  step  in  data  analysis,  dry  pe».  cent  theoretical 
density  (packing  efficiency),  per  cent  weight  gain  at  8  hours  sintering 
time,  maximum  per  cent  theoretical  density,  per  cent  change  in  bulk 
density,  and  maximum  tensile  strength  were  all  plotted  on  ternary 
diagrams  as  functions  of  additive  composition.  Figure  5.  From  these 
plots,  several  trends  were  noted.  Dry  density  tended  to  decrease 
with  finer  powder  additions.  In  addition,  the  oxidation  weight  gain, 
the  sintering  rate,  and  the  maximum  tensile  strength  all  increased  with 
finer  powder  additions. 

In  order  to  assess  analytically  the  effects  of  compositional 
variables,  and  sice  distribution  parameters  on  the  packing  efficiency 
of  the  slip,  several  steps  were  taken.  First,  particle  size 
distributions  were  calculated  and  log-probability  plots  were  made  for 
each  of  the  twelve  composite  slips  and  the  fused  silica  slip.  Best 
fit  straight  lines  and  correlation  coefficients  were  calculated  for 
each  distribution  over  the  range  1  to  30  micrometers  as  shown  in 
Figure  6,  which  shows  the  particle  size  distribution  of  a  slip  con¬ 
taining  10  per  cent  powder  E. 


SINTERING  TIME  <HDUR5> 


Figure  3 


Per  Cent  Theoretical  Density  Versus  Sintering  Time  at 
2300  F  for  Slip-Cast  .'used  Silica  with  0  to  15  Per  Cent 
Additions  of  Equal  Parcs  Silicon  Carbide  A,  C,  and  E. 


A 


/  82.94  \ 

/  82.15  82.52  \ 

/ 81.07  80.43  81.92\ 

8.93  80.37  81.03  80.88' 


The  numerical  value  for  the.  slope  ^ur.its  oh  probiL.^/ii;  pes.Licle 
diameter)  was  assumed  to  be  proportional  to  the  reoipr' of  the 
variance.  From  this,  a  coefficient  of  variance  was  calculated  as 
the  product  of  the  slope  and  the  natural  log  of  the  mean  particle 
diameter,  as  in  8/.  To  assess  the  effect.  o£  surface  are.n  on  packing 
efficiency,  a  figure,  of  merit,  referred  to  as  "fineness,"  was  defined 
as  being  proportional  tc  the  reciprocal  of  the  mean  part.lc.le  diameter 
squared.  The  values  were  normalized  to  set  the  maximum  value  (for 
powder  E)  equal  to  ten.  The  final  data  used  in  the  analysis  is 
show  in  Table  VI. 

A  multiple  linear  correl  -ion  analysis  was  performed  on  the  data 
wi.'-v*  *-'ne  per  cent  theoretical  density  as  the  dependent  variable. 

The  matrix  of  correlation  coefficients  is  shown  in  Table  ViT . 

The  results  of  this  analysis  showed  that  the  only  significant 
correlation  was  between  fineness  and  the  per  cent  theoretical  density 
of  the  casting,  suggesting  that  an  excess  of  fineness  in  the  particle 
size  distribution  was  lowering  the  packing  efficiency.  The  remaining 
correlation  greater  than  0.5  is  a  forced  correlation  between  slope  and 
coefficient  of  variation  and  is  not  significant. 

Since  Lewis  and  Goldman  j3/  had  found  a  parabolic  relationship 
between  coefficient  of  variance  and  packing  efficiency,  the  data 
were  plotted  as  shown  in  Figure  7.  The  data  points  fall  or.  two  lines. 

The  first,  with  positive  slope,  agrees  with  Lewis  and  Goldman  8/. 

This  line  passes  through  the  unmodified  slip  and  the  5,  10  ana  15  v,'o 
additions  of  the  equal  blend.  The  remaining  points  lie  on  a  straight 
litn  with  negative  slope  and  are  defined  by  all  of  the  compositions 
containing  10  v/o  SiC.  The  data  suggest  that  the  Lewis  and  Gcldman 
relationship  holds  true  for  simple  binary  blends  (i.e.,  fused  silica  slip 
and  a  single  SiC  composition),  but  not  for  a  more  complex  situation 


19 


with  four  components.  The  data  further  Sugg'  st  that  the  line  formed 
by  the  10  v/o  SIC  composition  represents  a  contour  lire  of  constant 
additive  proportion  and  that  parallel  lines  probably  exist  for  the 
same  range  of  compositions  ?t  the  5  and  15  v/o  Levels. 

A  second  multiple  linear  correlation  analysis  was  performed  on 
toe  data  in  Table  VI.  This  time  the  values  for  the  fused  silica  slip 
and  the  5  and  i5  v-'o  SiC  addition  were  deleted.  The  revised  correlation 
matr:”  is  shown  in  Table  VIII.  This  time  a  strong  positive  correlation 
if  o*"  erred  for  fineness  and  coefficient  of  variation,  and  a  strong 
,..;gative  correlation  for  coefficient  of  variance  and  the  packing 
efficiency.  The  former  is  probably  forced  to  some  extent  by  the 
method  of  calculating  the  coefficient  of  ’ariation  and  the  fineness 
from  the  mean  particle  diameter,  but  the  latter  correlation  is  a 
true  correlation. 

As  a  final  attempt  at  analysis,  the  best  and  worst  cases  were 
plotted  along  th  the  Andreasen  relationship,  Figure  8.  The  fused 
silica  slip  was  use  as  a  best  case,  and  '-fie  15  v/o  equal  blend  as 
the  worst  case.  The*  Anc. reason  relationship  is  simply  not  selective 
enough  to  be  of  application  :.-re. 

'  similar  analysis  was  performe-  to  determine  the  effect  of 
various  process  parameters  on  tensile  strength  and  to  determine  some 
of  the  interrelationships  between  measured  properties  of  the  sintered 
composites.  For  the  purpose  of  analysis,  the  maximum  tensile  strength 
was  taken  as  the  dependent  variable,  aid  the  per  cent  theoretical 
density  (packing  efficiency)  of  the  dried  castings  and  the  fineness 
of  the  additive  SiC  were  taken  as  independent  variables,  although 
they  have  been  previously  shown  to  be  interrelated.  The  maximum  per 
cent  theoretical  density,  the  per  cent  volume  shrinkage,  and  the  per 
cent  weight  change  on  sintering  were  also  considered  as  independent 
variables,  when  in  reality  the'’'  were  dependent  variables.  The  data 
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TABLE  VII 


CORRELATION  CO- EFFICIENT  MATRIX 


PACKING  EFFICIENCY 

STUDY 

Slope  Fineness 

Coefficient 
of  Variance 

Packing 

Efficiency 

Correlation 

Co-efficient 

0.17048  0.35575 

0.30992 

-0.51310 

Slop-' 

0.21311 

-0.65442 

-0.37313 

Fineness 

0.46203 

-0.78269 

Coefficient 
of  Variance 

-0.25193 

TABLE  VIII 

REVISED  CORRELATION  CO- EFFICIENT  MATRIX 
(10%  Composites  Only) 


Slope 

Fineness 

Coefficient 
of  Variance 

Packing 

Efficiency 

Correlation 

Co-efficient 

0.12675 

0.31171 

0.44672 

-0.51323 

Slope 

-0.54789 

-0.55808 

-0.37180 

Fineness 

-0.93387 

-0.78031 

Co-efficient 
of  Variance 

-0.92721 

matrix  is  shown  in  Table  IX.  ■  Values  of  per  cent  theoretical  density 
and  per  cent  change  in  theoretical  density  correspond  to  the  sintering 
times  for  the  indicated  maximum  tensile  strength. 

The  matrix  of  multiple  linear  correlation  coefficients  is  shown 
in  Table  X.  From  this  it  can  be  seen  that  the  packing  efficiency 
(dry  per  cent  theorecical  density)  decreases  with  increasing  fineness 
of  the  SiC  addition.  However,  the  sintering  rate,  as  indicated  by 
the  per  cent  volume  shrinkage,  increases  with  increasing  fineness, 
resulting  in  increased  tensile  strength,  in  fact,  tensile  strength 
tends  to  vary  inversely  with  the  packing  efficiency  of  the  slip,  the 
reverse  of  the  expected  trend.  The  major  result  of.  the  analysis  is  that 
tensile  strength  increases  with  increasing  fineness  or  surface  area  of 
the  additive.  The  mechanism  of  such  an  increase  is  unknown,  but  it  is 
suspected  that  the  silicon  oxide  film  produced  on  the  surface  of  the 
SiC  particles  during  sintering  makes  the  particles  more  compatible 
with  the  silica  particles.  Most  of  the  remaining  correlations  are 
forced  correlations  of  dependent  variables. 

It  was  suspected  that  the  amount  of  additive  as  well  as  its 
particle  size  distribution  also  had  a  definite  effect  on  the  tensile 
strength  of  composites.  The  data  for  the  5,  10,  and  15  per  cent 
additions  of  the  equal  blend  of  powders  A,  C,  and  E,  as  shown  in 
Table  XI,  show  that  as  the  amount  of  additive  increases,  the  packing 
efficiency,  the  sintering  rate  (per  cent  change  in  density)  and  the 
tensile  strength  decrease.  I  i  fact,  the  correlations  are  nearly 
linear  as  shown  in  Table  XII.  As  with  the  packing  efficiency  study, 
the  response  '■urface  for  tensile  strength  as  a  function  of  additive 
volume  and  composition  is  complex,  and  many  more  compositions  would 
have  to  be  examined  to  define  it  properly. 
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TABLE  IX 


DATA  MATRIX  FOR  EFFECTS  OF  SLIP  PROPERTIES  ON 
SINTERING  PROPERTIES  AND  TENSILE  STRENGTH 


Packing 

Efficiency 

Fineness 

Sintered 

Per  Cent 

Theoretical 

Density 

Per  Cent 

Volume 

Shrinkage 

Per  Cent 

Weight 

Gain 

Tensile 

Strength 

82.94 

.767 

85.79 

3.26 

0.151 

3244 

81.07 

6.922 

85.75 

5.96 

1,035 

4035 

80.43 

4.021 

84.34 

4.90 

0.701 

3767 

78.93 

10.00 

85.45 

8.19 

1.309 

4785 

80.37 

7.099 

85.50 

6.37 

1.267 

4445 

80.88 

1.296 

84.04 

3.79 

0.557 

3450 

TABLE  X 

CORRELATION 
PROPERTIES  ON 

COEFFICIENT  MATRIX  FOR  EFFECTS  OF  SLIP 
SINTERING  PROPERTIES  AND  TENSILE  STRENGTH 

Fineness 

Sintered 

Per  Cent 

Theoretical 

Density 

Per  Cent 

Volume 

Shrinkage 

Per  Cent 
Weight 

Gain 

Tensile 

Strength 

Packing 

Efficiency  -.79363 

.20890 

-.84721 

-.74262 

-.84434 

Fineness  - 

.40663 

.09056 

.86813 

.57486 

Sintered  Per 

Cent  Theoreti¬ 
cal  Density  ---- 

.33978 

.20236 

.32581 

Per  Cent  Vol. 
Shrinkage  ---- 

— 

,83876 

.98619 

Per  Cent  Weight 

Gain  ---- 

w  »  — 

_ . _ 

.88015 

m 
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TABLE  XI 


EFFECT  OF  ADDITIVE 
VOLUME  ON  TENSILE  STRENGTH 


Volume 

Per  Cent 
Additive 

Packing 

Efficiency 

Per  Cent 

Change  in 

Bulk  Density 

Tensile 

Strength 

(7o) 

(w/o) 

tt) 

(psi) 

0 

83.81 

11.95 

5160 

5 

82.43 

6.33 

4540 

10 

80.43 

4.90 

3770 

15 

78.14 

3.34 

3100 

TABLE  XII 

CORRELATION  COEFFICIENT  MATRIX  - 
ADDITIVE  VOLUME  EFFECTS 

Packing 

Efficiency 

Per  Cent 

Change  in 

Bulk  Density 

Tensile 

Strength 

Volume  Per 

Cent  Additive 

-0.99417 

-0.93822 

-0.99922 

Packing 

Efficiency 

-0.89694 

0.99513 

Per  Cent 

Volume 

Shrinkage 

0.92713 
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It  might  have  been  possible  to  achieve  higher  densities  and 
strengths  by  resorting  to  the  aggregate  casting  technique  6/,  7/ 
and  loading  the  slip  with  relatively  coarse  grain.  However,  the 
presence  of  large  grains  in  a  slip-cast  fused  silica  material  create 
complicated  machining  since  they  are  prone  to  pull  out  in  grinding. 

In  addition,  size  segregation  caused  by  differential  sedimentation 
is  difficult  to  control  unless  paste-like  compositions  are  used. 

For  these  reasons,  this  type  of  approach  was  not  considered. 

In  summary,  the  SiC  composite  study  showed  that  the  particle 
size  of  the  addition  was  the  controlling  factor  in  obtaining  high 
strength  materials.  After  reviewing  both  data  from  the  current 
program  and  from  past  programs,  a  composite  containing  10  per  cent 
SiC  powder  sintered  four  hours  at  2300°  F,  was  established  as 

the  optimum  material. 

b,  Silicon  Nitride  Composites 

In  view  of  what  had  been  learned  on  SiC  composite 
development,  a  single  silicon  nitride  powder  was  purchased.  The 
material  was  reported  as  95  per  cent  purity  with  the  major  impurity 
free  silicon.  X-ray  diffraction  analysis  confirmed  this  and  showed 
that  the  powder  was  predominantly  the  high  temperature 

phase.  The  particle  size  distribution  curve  for  the  material  is 
shown  in  Figure  9.  This  particular  grade  of  powder  was  chosen  for 
its  particle  size  range  (1-5  micrometers  by  manufacturer's  speci¬ 
fication).  However,  the  particle  size  analysis  indicated  a  mean 
diameter  of  10  micrometers.  The  distribution  was  not  log  normal  and 
as  such  may  have  been  a  blended  powder. 

Slips  containing  5,  10  and  15  v/o  Si^N^  were  prepared  and  samples 
were  cast  and  sintered  as  in  the  SiC  study.  A  preliminary  sintering 
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indicated  that  even  at  the  2300°  F  sintering  temperature,  the  oxida¬ 
tion  of  the  nitride  powders  was  too  rapid  to  permit  adequate  sintering. 
The  remaining  samples  were  sintered  in  a  nitrogen  atmosphere.  The 
packing  efficiencies  of  the  samples  were  80.2,  78.5  and  74.5  per  cent, 
at  the  5,  10  and  15  v/o  levels,  respectively.  These  values  are 
consistently  about  4  per  cent  lower  than  the  comparable  values  for 
the  SiC  composites,  indicating  that  differences  in  particle  shape  or, 
more  probably,  in  the  additive  size  distribution  are  significant.  For 
further  comparison  with  the  SiC  composites.  Table  XIII  shows  data 
corresponding  to  that  in  Table  XT. 

TABLE  XIII 

SINTERINC  DATA  FOR  Si^N^  COMPOSITES 


Volume 

Per  Cent 
Additive 

Packing 

Efficiency 

Sintering 

Volume 

Shrinkage 

Maximum 

Tensile 

Strength 

(v/o) 

(%) 

(%) 

(psi) 

0 

83.81 

11.95 

5160 

5 

80.24 

8.26 

4920 

10 

78.54 

8.33 

4540 

15 

74.45 

8.31 

2950 

The  greatest  apparent  difference  in  the  two  materials  is  that  the 
Si^N^  sintering  rate  is  nor  volume  dependent.  Although  strengths 
decreased  with  increasing  additive  content,  the  sintering  rate  remained 
nearly  the  same.  In  addition,  at  both  the  5  and  10  v/o  levels,  the 
Si^N^  composites  were  stronger  (tensile  strength)  than  SiC  composites, 
indicating  more  and  stronger  interparticle  bonding. 
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Of  the  materials  studies,  the  10  v/o  Si^N^  composite  sintered 
6  hours  at  2300°  F  in  nitrogen  was  selected  as  having  optimal  mechanical 
and  physical  properties. 

c.  Boron  Nitride  Composites 

Previous  work  at  Georgia  Tech  9/  had  encountered 
difficulty  in  preparing  BN/Sit^  composites.  The  castings  were  soft 
and  fragile,  while  sintering  usually  resulted  in  rapid  devitrification. 
Possible  thin  layers  of  on  the  surface  of  the  BN  particles  were 

suggested  as  the  major  source  of  difficulty. 

To  eliminate  the  possibility  of  ^omation  from  reaction  with 

water,  an  anhydrous  slip  was  prepared.  Since  electrophoretic  deposition 
requires  the  same  suspending  properties  as  a  casting  slip,  and  since 
acetone  has  been  reported  as  a  successful  vehicle  for  electrophoretic 
deposition  of  silica  10/,  acetone  was  selected  as  the  liquid  portion  of 
the  slip.  A  gallon  of  the  high  purity  slip  was  spray  dried,  and  the 
resulting  powder  was  dried  at  350*  F.  Ten  volume  per  cent  BN  slips 
were  prepared  using  both  acetone  and  water  as  suspending  agents.  Both 
slips  were  highly  dilatant  and  required  dilution  to  50  per  cent  solids 
before  a  usable  slip  could  be  obtained.  As  with  the  SiC  and  Si^N^ 
composites,  short  test  bars  were  cast.  In  both  cases,  the  castings 
adhered  to  the  mold  walls  and  the  castings  could  not  be  removed  intact. 
Since  the  mold  release  agents  commonly  used,  (i.e.,  graphite  and  ammonium 
alginate  )  both  required  oxidation  for  complete  removal  from  the  casting, 
and  since  the  cast  parts  were  so  fragile,  work  with  boron  nitride  was 
suspended. 

4.  Composite  Characterization 

a.  Physical  and  Mechanical  Testing 

Samples  of  the  successful  composites,  SiC/SiC^  and 
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Si^N^/SiC^,  were  prepared  for  physical,  mechanical  and  electrical  testing. 
The  samples  were  cylindrical  bars,  3/4- inch  diameter  by  6  inches  long. 

The  SiC/SiO^  composites  were  sintered  in  air  for  4  hours  at  2300°  F, 
while  the  Si^N^/SiC^  composites  were  sintered  in  nitrogen  for  6  hours  at 
2300°  F.  After  firing,  samples  were  trimmed  to  a  five-inch  length,  and 
porosity,  bulk  density,  and  specific  gravity  were  determined  with  the 
boiling  water  technique.  Then  dynamic  Young's  modulus  was  measured  with 
a  sonic  flexural  resonance  method.  The  samples  were  then  broken  in 
4-point  quarter  point  loading  to  determine  modulus  of  rupture.  Results 
from  all  of  these  tests,  along  with  the  comparable  data  from  the  fused 
silica  slip  characterization,  are  presented  in  Table  XII. 

b.  Electrical  Testing 

Dielectric  constant  and  loss  tangent  were  measured  at 
temperatures  from  ambient  to  1800°  F.  The  results  of  these  tests  are 
shown  in  Table  XIII. 


c.  Ablation  Resistance  Testing 

A  number  of  2-inch  diameter,  i/2-inch  thick  test  specimens 

were  prepared  for  ablation.  The  samples  were  positioned  six  inches  from 

the  nozzle  exit  plane  of  a  small  oxygen-hydrogen  rocket  motor.  At  this 

2 

point,  the  heat  flux  has  been  measured  at  1500  Btu/ft  -sec.,  and  the 
stagnation  pressure  at  2.4  psi,  11/ ,  Exposure  times  were  30  seconds 
for  all  materials.  Front  and  back  surface  temperatures  were  monitored 
with  an  infrared  pyrometer  and  chrome 1 /a lumel  thermocouples,  respectively. 

The  rocket  motor  performance  was  not  consistent  and  resulted  in 
widespread  variation  between  individual  samples.  In  general,  results 
may  be  summarized  as  follows: 

(1)  Slip-Cast  Fused  Silica:  Measured  front  surface 
temperature  ranged  from  3100  to  3360°  F.  All 
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TABLE  XV 

DIELECTRIC  CONSTANT  AND  LOSS  TANGENT  FOR 
SiC/Si02  AND  Si^/SiO,  COMPOSITES 


Composition 

Temperature  (°F) 

Dielectric  Constant 

Loss  Tangent 

10%  SiC 

RT 

4.1b 

0.03 

500 

4.23 

0.03 

1075 

4.37 

0.19 

1460 

4.42 

0.065 

10%  S10N, 

3  4 

RT 

3.45 

0.003 

500 

3.48 

0.0008 

1075 

3.58 

0.008 

1460 


3.62 


0.009 


samples  developed  a  vitrified  surface  layer.  Both 
its  thickness  and  the  degree  of  ablation  varied  directly 
with  the  observed  surface  temperature.  Extensive 
rippling  of  the  surface  was  observed  only  on  samples 
at  the  upper  end  of  the  temperature  range.  No 
appreciable  volume  of  material  was  removed  from  any 
of  the  samples.  Only  slight  shrinkage  from  increased 
densif ication  was  observed. 

(2)  SiC/SiO^,  Composites:  Front  surface  temperature  ranged 
from  3100  to  3460°  F,  indicating  increased  emittance. 

On  the  lower  temperature  samples  only  slight  surface 
fusion  was  observed.  On  the  higher  temperature  samples, 
a  thin  frothy  melt  layer  was  formed,  but  in  no  case 

was  a  deep  translucent  glazed  layer  formed,  as  in  the 
slip-cast  fused  silica  specimens. 

(3)  Silicon  Nitride:  The  Si^N^/SiC^  test  samples  fell  in 
the  same  front  surface  temperature  range  as  the  SiC/ 

SiO^  specimens;  the  glazed  surface  layer  was  slightly 
deeper  than  for  SiC/SiC^,  and  the  rippling  of  the 
surface  was  only  slightly  less  than  observed  on  the 
fused  silica  controls.  As  with  the  SiC/SiC>2  composites, 
aoiation  efleuls  were  limited  to  a  thiu  surface  layer 
and  no  thick  glassy  layer  was  formed  as  with  the 
silica  controls. 

In  summary,  the  SiC/Si02  composites  were  clearly  superior.  The 
Si^N^/SiC^  composites  were  at  worst  comparable  with  slip-cast  fused  silica 
and  at  best  only  slightly  inferior  to  the  SiC/Si09  materials. 

d.  Rain  Erosion  Resistance  Testing 

A  series  of  2-inch  diameter  by  1/2-inch  thick  discs  of  the 
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two  composites  and  slip-cast  fused  silica  controls  were  tested  for  rain 
erosion  resistance  by  impacting  the  sample  with  number  nine  lead  shot 
at  a  velocity  of  approximately  1100  ft/sec  The  angle  of  impact  was 
increased  gradually  until  a  maximum  angle  of  90°,  or  normal  impact,  was 
reached.  No  significant  differences  in  behavior  of  the  sample  were  noted, 
particularly  in  the  angle  required  to  produce  actual  pitting,  or  material 
removal.  If  anything,  the  composite  samples  had  a  greater  tendency  to 
shatter  at  normal  impact  than  did  the  silica  controls.  This  failure  was 
thought  to  be  due  to  tensile  failure  at  the  back  surface  of  the  sample 
through  bending,  rather  than  from  actual  failure  of  the  sample  at  the  damage 
site  on  the  front  surface.  In  several  instances,  particularly  with  silicon 
nitride  additives,  the  actual  damage  site  was  found  to  be  smaller  in  area 
and  depth  than  in  the  unmodified  slip-cast  fused  silica.  For  the  additive 
concentrations  used  and  under  these  test  conditions,  no  differences  in 
impact  behavior  were  noted  for  either  of  the  composites  or  controls. 

C.  Discussion 

The  extensive  study  of  the  SiC/SiO,,  composites  demonstrated  several 
items.  First,  present  theories  on  particle  packing  are  not  adequate  to 
describe  the  composites  used  on  this  program,  and  second,  the  controlling 
factor  in  tensile  strength  of  the  composite  is  the  degree  of  sintering, 
which  is  controlled  by  the  surface  area  of  the  additive,  rather  than  by 
the  packing  efficiency  of  the  casting.  The  latter  is  most  probably  due 
to  the  increased  number  of  silica  particle  contacts  in  the  slip  with 
^iner  additives  and  to  the  increased  reactivity  of  the  higher  surface 
area  additive. 

The  flexural  strengths  of  the  SiC  and  Si^N^  composites  were  lower 
than  expected,  especially  in  view  of  the  relatively  high  tensile  strength 
achieved.  The  most  likely  explanation  for  this  behavior,  as  well  as  for 
the  fact  that  tensile  strength  was  not  as  highly  dependent  on  sintering 
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time  as  flexural  strength,  is  that  the  tensile  test  reflects  the  strength 
of  the  bulk  material,  while  the  flexural  strength  is  affected  greatly  by 
the  condition  of  the  sample  surface.  In  this  case  the  surface  of  the  samples 
would  be  expected  to  be  n  a  damaged  condition  due  to  surface  devitrification, 
resulting  in  low  flexural  strength  values.  In  all  probability,  the  tensile 
strength  and  elastic  modulus  are  considered  to  be  more  indicative  of  the 
true  strength  of  the  material  than  is  flexural  strength.  The  flexural 
strength  of  the  samples  could  probably  have  been  improved  by  removal  of 
the  surface  layer  which  normally  contains  the  greater  portion  of  the 
crlstobalite  in  the  sample. 

The  ablation  resistance  of  the  composite  materials  represents  a  slight 
improvement  over  that  of  normal  slip-cast  fused  silica.  The  lack  of  c-_  - 
sification  and  flow  in  the  front  surface  layer  seems  to  indicate  an 
increased  viscosity  which,  in  turn,  would  result  in  less  densities ti  n  on 
fusion,  and  in  lower  creep  rates,  both  of  which  are  desirable  improvements 
in  cases  where  relatively  long  exposure  tu  high  temperature  and  high 
mechanical  loads  are  encountered. 

D.  Conclusions 

1.  Silicon  carbide  and  silicon  nitride  are  effective  in  increasing 
the  ablation  resistance  of  slip-cast  fused  silica,  with  no  adverse  ofrecLs 
on  rain  erosion  resistance  and  only  minor  losses  in  mechanical  strength. 

2.  Boron  nitride  is  not  a  satisfactory  additive  for  use  it.  slip- 
cast  fused  silica,  although  its  use  might  still  be  possible  with  alternate 
fabrication  techniques  such  as  hot  pressing. 

3.  In  the  composites  studied,  maximum  tens-'le  strengths  were  i  os 
realized  through  use  of  additives  with  high  surface  areas. 
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E,  Recommendations 


1.  Studies  should  be  made  of  elevated  temperature  creep  and  tensile 
properties  of  SiC/SiO?  and  Si^N^/SiC^  composites  since  these  mater;als 
show  promise  of  being  useful  as  structural  iaterials. 

2.  Studies  should  be  r.adc  to  define  the  rain  erosion  resistance  of 
the  composites  at  elevated  temperatures,  since  normal  slip-cast  fused 
silica  relies  on  plastic  flow  to  relieve  impact  loads. 

3.  Alternative  methods  of  forming  composites,  such  as  aggregate  cas 
ting,  isostatic  pressing,  and  hot  pressing  should  be  examined  for  usefuln 
in  improving  mechanical  properties  of  the  composites. 


SECTION  II 

ISOSTATIC  PRESSING  OF  FUSED  SILICA 


A.  Introduction 

1.  Program  and  Objectives 

The  objective  of  work  carried  out  under  Contract  No.  DAAH01- 
72-C-0400  was  to  develop  a  method  other  than  slip  casting  for  the 
fabrication  of  rebonded  fused  silica  radomes.  Slip  casting  has  been 
found  to  be  relatively  slow  and  expensive  when  a  high  production  rate 
is  necessary.  Isostatic  pressing  is  a  forming  process  used  to  fabri¬ 
cate  alumina  radomes.  and  offers  attractive  features  which  include; 
a)  lower  moisture  contents,  thus  shorter  drying  time  and  b)  the  poten¬ 
tial  for  rapid  forming  cycles.  Isostatic  pressing  has  not  beer, 
emphasized  in  the  past  because  slip  casting  procedures  are  satisfactory 
for  fabricating  trial  shapes;  green  densities  are  high,  and  the  fine 
particle  size  promotes  sintering. 

2.  program  Goals 

The  goals  of  the  program  were  outlined  as; 

a.  The  development  of  a  fused  silica  powder 
suitable  for  pressing  which  has  fired 
properties  (density,  strength,  shrinkage, 
cristobalite  cont-ont,  etc.)  similar  to 
slip-cast  fused  silica. 

b.  To  develop  a  fast  and  efficient  method 
for  mixing  blends  of  coarse  and  fine  grain 
fractions . 

c.  To  determine  whether  it  is  possible  to 
obtain  a  suitable  powder  for  pressing  by 
spray  drying  fused  silica  slip  or  mixtures 
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of  colloidal  silica  and  fused  silica  slip 
mixtures. 


d.  To  determine  what  dimensional  control  can 
be  obtained  with  isostatic  pressing. 

e.  To  isostatically  press  a  radome  shape. 

f.  To  detarmine  what  length  forming  cycle  could 
be  projected  for  pressing  large  volumes  of 
fused  silica  shapes. 


B  Experimental  Program 
1.  Approach 

The  program  was  divided  in  the  phases  indicated  in  Figure  10. 
Material  preparation  received  primary  consideration,  starting  with  the 
evaluation  of  grain  mixtures  and  the  spray  drying  of  colloidal  silica: 
fused  silica  slip  mixtures.  The  pressing  properties  of  fused  silica 
powders  were  evaluated  and  tooling  required  to  press  a  radome  shape  was 
fabricated. 


2.  Program 

a.  Initial  Powder  Evai.ua -ions 

Previous  experience  at  the  F.ngineering  Experiment 
Station  with  coarse  grain  fu«°d  silica  mixtures  indicated  that  a  fine 
(colloidal)  particle  fraction  was  needed  to  provide  the  sintering 
necessary  to  obtain  the  required  densities  16/ .  To  learn  what  leve> 
of  additions  would  be  needed  with  a  relatively  coarse  grain  mix,  as 
well  as  to  develop  a  process  for  blending  the  grain  and  colloidal 
powders,  mixtures  of  silica  grain  based  on  two  size  fractions 
(eighty  per  cent  -20  +50  mesh  and  twenty  per  cent  -325  mesh)  were 
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mixed  with  Cab-O-Sil 


M-5  in  five  ratios  of  3,  10,  L5,  20,  and  30  per 
c-'nt.  These  mixtures  were  placed  in  one-gallon  polyethylene  jars  and 
rolled  for  48  Hours,  which  significantly  reduced  the  volume  of  the 
mix.  as  the  Cab-O-Sil^'  coated  the  individual  fused  silica  grains. 
Water  adari'^ns  of  10  w/o  (weight  per  cent)  through  16  w/o  were  made 
to  each  powder  and  trie,  powders  again  milled  for  24  hours. 

Tire  powders  were  precompactcd  in  the  molds  with  a  steel  plunger, 
sealed,  and  isostaticaliy  pressed  at  5000,  15,000.  25,000,  and  30,000 
psi  in  1/2-inch  diameter  x  3-1/2-inch  long  (silastic)  rubber  mcMs 
(Dow  Corning  RTV")  with  1/2- inch  thick  wails.  In  each  car;  this 
produced  diametrical  laminations  causing  separation  of  the  pressed 
bar,  with  the  degree  of  lamination  increasing  with  higher  pressures. 
The  powders  were  also  pressed  using  1-inch  diameter  soft  (gooch) 
rubber  tubing.  This  formed  larger  cylindrical  chips  which  were  still 
too  small  for  physical  measurements. 

Experience  with  these  initial  trials  indicates  that  in  further 
investigations  of  Cab-O-Sil-  water  compositions: 

(1)  Thin  rubber  films  would  be  needed  for  the 
fabrication  of  solid  cylindrical  shapes. 

(2^  A  pressing  pressure  of  30,000  psi  would 
be  used  to  obtain  maximum  green  and  fired 
densities. 

(3)  Grain  compositions  containing  colloidal 

silica  snould  be  mixed  for  sev"-*r.l  javs  to 
obtain  adequate  blending  and  volume  reduction. 

b.  Grain/ Cab-O-Sil^  Mixture  Studies 

Grain  :om?actior,  studies  showed  that  a  maximum  green 
packing  density  (1.52  gm/cc)  was  obtained  with  a  particle  sine 
distribution  of  seventy  weight  per  cent  -50  +100  mesh  and  thirty 
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weight  per  cent  -325  mesh.  Four  1000  gm  batches  of  this  mixture  were 
placed  in  one-gallon  polyethylene  jars  and  rolled  for  24  hours  to 
assure  satisfactory  mixing,  then  Cab-O-Sil  L-5  was  added  in  propor¬ 
tions  of  20,  25,  30,  35,  40,  and  45  per  cent. 

he  Cab-O-Sir-'  L-5  grain  mixtures  were  rolled  72  hours  in  plastic 
ja:  o  assure  homogeneous  mixing,  then  distilled  water  additions  of 

5  to  15  w/o  were  made  to  powders  containing  20,  25,  and  30  w/o  Cab-0- 
Sil&\  Subsequent  pressing  trials  were  unsuccessful  because  of  test 
bar  wafering.  The  powders  receiving  15  w/o  water  turned  into  wet 
pastes,  fixing  the  upper  limit  for  water  additions.  Grain  composi¬ 
tions  containing  Cab-0-Sil^  additions  of  35,  40,  and  45  w/o  received 
water  additions  of  10  to  13  u/o.  Satisfactory  solid  test  bars  were 
pressed  from  these  powders.  Bar  diameters  varied  from  1/2- inch  to 
1-1/4-inch  and  lengths  from  4  to  7- inch,  with  the  damp  powder  being 
precompacted  in  the  rubber  films  before  pressing  at  30,000  psi.  The 
initial  bars  were  dried  at  120°  F  for  24  hours,  then  at  350°  F  for 
3  hours  before  machining;  however,  subsequent  trials  were  dried  by 
directly  placing  bars  in  the  higher  temperature  oven  without  detri¬ 
mental  effects. 

The  pressed  bars  were  uneven  and  required  machining  to  produce 
an  even  shape  suitable  for  physical  property  measurements.  Machining 
was  accomplished  by  mounting  the  dry  bars  in  a  lathe  and  grinding 
with  a  diamond  wheel.  Attempts  to  round  up  the  bars  using  a  center¬ 
less  grinder  were  unsatisfactory  due  to  grain  pull-out. 

c.  Initial  Firing  and  Property  Eval  '3fion 

Results  of  physical  properties  versus  firing  time  and 
composition  are  recorded  in  Table  XVI.  Symbols  identify  each  composi¬ 
tion.  For  comparison  purposes,  typical  properties  of  technical  grade 
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MATERIAL  PROPERTIES  OF  ISOSTATIC ALLY  PRESSED  FUSED  SILICA  TRIAL  POWDERS 
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slip-cast  fused  silica  are  listed  in  column  N.  The  density  versus 
firing  time  of  these  compositions  is  illustrated  graphically  in  Figures 
10  through  14  and  fired  shrinkage  versus  firing  time  is  shown  in 
Figures  16  through  19,  Appendix  II. 

Table  XVI  shows  that  powder  E  F  has  the  most  desirable  combination 
of  properties.  Powders  A  B  and  C  D  had  higher  firing  shrinkages 
because  of  the  higher  Cab-0-Sil®  additions.  Powders  G  through  J  had 
low  green  densities  and  thus  did  not  reach  sufficient  fired  densities, 
although  firing  shrinkage  were  low.  Powder  M  had  excessive  firing 
shrinkage.  Powder  E  F  was  selected  for  further  investigation,  and 
results  shown  in  Table  XVI  indicate  that  fired  densities  obtained  with 
the  pressed  powders  when  fired  4.75  hr  @  2300°  F  are  in  the  same  range 
as  slip-cast  material  and  that  the  increased  shrinkage  is  related  to 
the  lower  green  densities.  The  strengths  of  pressed  powders  are  lower, 
and  may  be  caused  by  the  larger  Griffith  cracks  associated  with  the 
coarser  particle  size. 

However,  cristobalite  levels  are  in  the  range  associated  with 
surface  cracking  due  to  the  volume  change  from  the  high  to  the  low 
form  of  cristobalite  during  cooling  to  room  temperature.  This  could 
also  explain  the  lower  strength.  Previous  experience  with  technical 
grade  ^lip-cast  fused  silica  has  indicated  that  mechanical  strength 
properties  were  not  always  predictable  with  cristobalite  levels 
greater  than  ten  volume  per  cent. 

d.  Powder  Reevaluation 

Powders  initially  investigated  (Tables  XVI  and  XVII) 
showed  high  (10  per  cent)  fired  shrinkage.  To  reduce  this  to  the  range 
of  slip-cast  fused  silica  (~  2  per  cent),  grain  size  distributions 
and  Cab-O-Sil®  additives  were  reevaluated.  Table  XVII  shows  the 


47 


TABLE  XVII 


RESULTS  OF  ISOSTATICALLY  PRESSED  FUSED  SILICA  GRAIN 
(POWDER  E-F  FROM  TABLE  I) 


No.  of 
Samples 

Green 

Density’* 

Fired 

Density 

Fired 

Shrinkage 

Firing 

M0R 

Cristobalite 

Time 

Temp 

(gm/cc) 

(gm/cc) 

a) 

(psi) 

<%) 

(hr) 

(°F) 

5 

1.44 

1.61 

5.41 

1372 

2.94 

4 

2210 

4 

1.48 

1.96 

7.4 

1439 

11.7 

4.75 

2300 

Technical 
Grade  Slip- 
Cast  Fused 
Silica 

~  1.88 

~  2.0 

~  2.0 

2000  to 
5000 

-  10-15 

4.75 

2300 

i k 

Pressed  @  30,000  psi. 
Technical  grade  grain  - 
70  per  cent  -50  +100  mesh 
30  per  cent  -325  mesh 
35  per  cent  Cab-O-Sil^. 


Results  are  average  values  of  samples  tested 


results  of  powder  compaction  densities  obtained  by  several  workers, 
and  Table  XVIII gives  results  of  compaction  studies  with  fused  silica 
grain  of  varying  particle  size  distributions.  Trial  A-l  shows  the 
packing  density  obtained  with  a  theoretically  optimum  size  distribution 
for  spherical  shot  as  reported  by  McGeary  12/.  Additions  of  finer 
size  fractions  in  subsequent  trials  produced  increasingly  higher  den¬ 
sities,  which  reached  a  maximum  of  1,59  gm/cc.  Trial  B  of  Table  XIX 
shows  that  a  significantly  lower  density  (1.28  gtn/cc  maximum)  is 
obtained  if  the  -140  mesh  addition  is  eliminated  from  the  three  mesh 
sizes  used  in  Trial  A.  Work  with  the  -20  +50  mesh  size  was  not 
carried  further  because  the  coarse  grain  produced  an  unacceptably  rough 
pressed  surface.  Trial  C,  using  a  -50  +100  mesh  size  as  the  coarse 
fraction,  produced  a  maximum  density  (1.51  gm/cc)  with  30  per  cent 
-325  mesh  grain,  and  the  addition  of  -140  mesh  grain  (Trial  D)  gave 
a  slightly  higher  value  (1.54  gm/cc).  Trial  E  indicated  lower  density 
(1.37  gm/cc)  resulted  when  -50  +200  mesh  was  substituted  for  the  -50 
+100  coarse  fraction. 

The  above  compaction  determinations  were  made  by  filling  a  100  ml 
volumetric  cylinder  with  the  powder  mix,  tapping  the  cylinder  on  the 
table  top  until  settling  stopped,  then  refilling  and  again  tapping. 

It  was  found  that  tapping  produced  denser  packing  than  vibrating  at 
the  frequency  of  the  available  laboratory  vibratory  table,  and  was 
considered  satisfactory  for  comparative  purposes.  The  weight  of  the 
filled  cylinder  minus  the  tare  was  considered  to  be  the  maximum 
density  of  the  grain  mix. 

Figure  11  shows  results  of  a  particle  packing  study  designed 
better  to  define  optimum  volumes  for  available  grain  sizes  which  give 
acceptable  surface  finish. 


-50  +100  mesh 


0.550 


0.656 
•140  mesh 


"ic  J 

— 'Isodensity  Mixtures  Shown  by  Dashed  Lines  Indicate 
Per  Cent  Theoretical  Density  (2.20  gm/cnr*). 


0.440 
-325  mesh 


Figure  11.  Ternary  Packing  Equilibrium  Diagram  for 
Fused  Silica  Grains. 
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Each  point  is  an  average  of  five  values,  obtained  by  filling  five 
100  ml  volumetric  cylinders  with  70  grams  of  grain  each,  then  vibrating 
for  five  minutes.  The  standard  deviation  of  sample  densities  was  less 
than  5  per  cent.  The  grain  was  pre-blended  prior  to  vibrating  by 
rolling  in  a  plastic  jar.  To  promote  sintering,  a  grain  mixture 
containing  the  maximum  volume  of  -325  mesh  consistent  with  good  packing 
densities  (Trial  D-3,  Table  XIX)  was  selected  for  pressing. 

Cab-O-Sil®  was  added  to  the  above  grain  mixtures  by  tumbling 
in  a  rotating  drum  of  V-type  laboratory  blender. 


e.  Binder  Evaluation 

Powders  of  the  compositions  shown  in  Table  XVIII 
resembled  dry  beach  sand  and  would  not  form  a  cohesive  pressed  shape 
before  water  and/or  a  binder  was  added.  After  comparing  several 
commercial  binders  (PVA®,  Carbowas®,  starch),  a  1.0  per  cent  Methocel®- 
water  solution  was  found  to  give  sufficient  green  strength  after 
pressing  to  permit  dry  machining  of  test  bars. 

The  binder  solution  was  most  satisfactorily  added  in  a  labora¬ 
tory  V-type  blender  equipped  with  a  liquid  dispersing  bar.  This 
produced  a  fairly  uniformly  pelletized  product  which  would  flow  into 
a  mold.  Moisture  levels  of  6  per  cent  gave  adequate  green  strengths, 
and  test  bars  (1.0  inch  in  diameter)  could  be  dried  quickly  (~2  hours) 
by  placing  them  directly  into  a  300°  F  oven. 

f.  Pressing  Procedures 

All  powders  were  contained  in  a  sealed  flexible 
(rubber)  mold,  pre-compacted  by  tapping  and  in  some  cases  evacuated, 
then  isostatically  pressed  at  30,000  psi.  It  was  not  possible  to 
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distinguish  between  pressed  bars  which  were  or  were  not  evacuated  prior 
to  pressing.  Test  bars  ~  1.0-inch  diameter  x  6.0  inches  long  were 
the  principal  shape  pressed  because  bars  were  needed  for  mechanical 
evaluation.  It  was  learned  that  a  stiff-walled  rubber  tube  (1/16-inch 
thick  rubber  resembling  the  stiffness  of  rubber  bands)  tended  to 
diametrically  fracture  the  pressed  bars  in  wafer-like  pellets.  3ars 
did  not  wafer  if  a  thin-walled  pliable  rubber  was  used  or  if  the  pressed 
strength  was  sufficiently  high. 

A  more  promising  procedure  for  forming  test  bar  shapes  is  to 
position  a  metal  mandrel  in  a  thicker- walled  rubber  tube.  This 
eliminates  the  watering  and  also  produces  a  bar  of  more  uniform  outside 
dimension.  The  mandrel  can  be  easily  removed  from  the  pressed  shape, 
and  strength  and  shrinkage  calculations  altered  to  allow  for  the  hollow 
test  bar.  Some  problem  occurred  due  to  bending  of  the  mandrel  during 
pressing.  This  prevented  removal  of  the  mandrel  without  breaking  the 
pressed  sample. 

g.  Pressed  Powder  Evaluations 

Table  XX  shows  green  density  and  fired  properties 
of  fused  silica  powders  based  on  a  mix  of  51  per  cent  -50  +100  mesh, 

35  per  cent  -140  mesh,  and  14  per  cent  -325  mesh  grain.  Initial  tests 
without  Cab-O-Sil®  gave  low  fired  densities,  so  increasing  amounts  of 
Cab-0-Sil®  were  added  to  increase  sintering  activity  and  density,  and 
yet  maintain  lower  shrinkage  than  previous  powders. 

Trends  shown  by  Table  XX  are: 

(a)  Green  density  decreased  with  increasing  Cab-0- 
Sil®  content. 

(b)  Fired  densities,  shrinkage,  and  strength  increase 
with  higher  Cab-0-SilP  content  when  fired  for  4.5 
hours  at  2300°  F. 
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(c)  Cristobalite  content  decreases  with  increasing 
Cab-0- Si#. 

h.  Cab-O-Sil®  Agglomeration 

The  relatively  coarse,  angular  particles  characteristic 
of  fused  silica  grain  are  not  the  optimum  shape  to  obtain  dense  pressed 
shapes.  Silica  is  also  conmercially  available  in  the  form  of  colloidal 
powders  (Cab-O-Si#),  and  trials  were  conducted  to  determine  if  granular 
powders  more  suitable  for  pressing  than  fused  silica  griin  could  be  made 
from  this  material. 

Initially,  a  17  w/o  Cab-0-Si#-water  mixture  was  prepared  and 
rolled  in  a  plastic  jar.  Cab-O-Si#  additions  were  made  at  two-hour 
intervals  until  pellets  of  1/2-  to  3/4-inch  diameter  were  formed. 

These  were  broken  up  and  rolling  continued  for  48  hours,  resulting  in 
small  spheres. 

To  reduce  the  fired  shrinkage  of  the  colloidal  powder  the  following 
processing  procedure  was  followed: 

(a)  Sintering  of  small  spherical  powders  at  1800,  1900, 
and  2000°  F. 

(b)  Ball  milling  (15  minutes  maximum) . 

(c)  Distilled  water  additions  (10  per  cent). 

(d)  3 lending  (Rolling  in  plastic  cylinder  24  hr.). 

(e)  Pressing  in  soft  rubber  (gooch)  tubing  at  30,000 
psi. 

(f)  Firing- (4  hours  at  2200°  F). 

The  resulting  low  densities  (1,3  gm/cc)  and  high  fired  shrinkages 
(30-35  per  cent)  indicate  it  would  be  difficult  to  equal  the  green 
densities  or  fired  shrinkages  of  slip-cast  fused  silica  using  a  pressed 
grain  made  as  outlined  above. 


The  physical  properties  (bulk  density,  particle  dis¬ 
tribution,  flowability,  etc.)  of  soray-dried  powders  are  subject  to 
considerable  variation  and  are  dependent  on  the  properties  of  the 
feed  material  (solids  content,  viscosity,  solid  characteristics,  etc.) 
as  well  as  the  design  (tyne  of  atomization,  dryer  size,  direction  of 
air  flow,  etc.)  and  operation  (tenperatures,  feed  rates,  volume  of  air 
flow,  etc.)  of  the  dryer.  Reviews  of  spray  dryer  design  and  operation 
are  given  by  Perry  ^4/  and  Marshall  15/. 

The  principal  advantages  of  spray  dried  ceramic  powders  for  iso¬ 
static  pressing  are  that  powder  packing  density  can  be  improved  if 
dense  spherical  particles  of  optimum  particle  size  distribution  can 
be  formed,  powder  flowability  is  good,  pressing  moisture  levels  can 
be  low,  and  binders  for  improving  green  strength  can  be  added  prior 
to  spray  drying. 

Recovery  rates  with  the  fused  silica  slips  were  approximately 
85  per  cent,  while  trials  with  the  high  colloidal  particle  content 
(Trials  6  and  7,  Table  XXI  gave  low  (15  per  cent)  recovery  ratio  with 
a  high  stack  loss. 

The  powders  obtained  from  laboratory  dryer  trials  were  typically 
fine  and  fluffy,  flowed  poorly,  and  pressed  to  low  green  densities, 
thus  resulting  in  low  fired  densities.  Green  and  pressed  results 
with  these  powders  are  shown  in  Table  XVT.  Water  additions  (10  per  cent) 
were  made  to  the  powders  to  improve  pressed  green  strength;  however, 
the  unfired  bars  were  fragile  and  difficult  to  machine. 

Several  gallons  of  slip  were  sent  to  Bowe.i  Engineering  to 
determine  if  an  improved  powder  granulation  and  thus  packing 
densities  could  be  obtained  with  a  larger  spray  dryer.  Results  of 
these  trials  show  that  a  larger  cotnnerciai  dryer  will  produce 
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SPRAY  DRYER 


_ _ (Weight  Pei  Cent  of  Total  Silica) _ _ 

1  2  3  4  5  6  7 


Fused  Silica  Slip 

100 

85 

85 

85 

35 

Ethyl  Silicate 

15 

Cab-0-Sil^  L-5 

15 

80 

10 

Ludoxf^ 

Ammonia  Stabilized 


15 
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20 


90 


All  solutions  diluted  100  per  cent  by  volume  with  distilled  w< 
lover  viscosity. 


to 


Tested  both  diluted  and  undiluted. 


Typical  dryer  control  settings  were: 

Inlet  temperature  550°  F 

Outlet  temperature  290‘  F 

Air  pressure  100  psi 

Feed  rate  2  gal/hr 


. . . . . . . . . 


spherical  particles  from  fused  silica  slip.  Bowen  engineers  repoiv  that 
such  granulation  is  often  'difficult  to  obtain  with  a  laboratory  size 
spray  dryer.  Some  fines  were  collected  in  the  cyclone  of  the  commer¬ 
cial  dryer,  and  it  is  unknown  to  what  degree  the  particle  size  distri¬ 
bution  of  the  granular  product  collected  in  the  dryer  chamber  was 
changed  from  that  of  the  original  slip.  One  trial  was  also  made  with 
slip  to  which  2  per  cent  Carbowa^  had  been  added. 

Scanning  electron  micrographs  were  taken  of  the  powders  produced 
by  Bowen  as  well  as  those  made  at  Georgia  Tech.  Figure  12  shows  the 
difference  in  granulation  of  the  Bowen  powders  collected  in  the  cyclone 
and  in  the  chamber,  using  a  slip  containing  2  w/o  Carbowax®.  The 
large  spheres  shown  in  the  top  micrograph  range  from  25  to  150 
micrometers.  However,  an  undesirably  high  fine  content  is  also  observed. 
The  largest  particle  collected  in  the  cyclone,  shown  in  the  bottom 
micrograph,  is  approximately  30  micrometers.  Figure  13  shows  that 
spray  dried  fused  silica  powder  produced  at  Georgia  Tech  has  a  particle 
size  range  of  approximately  1  to  10  micrometers  and  poor  agglomeration. 
Figure  14  shows  fine  spherical  particles  obtained  with  the  Georgia 
Tech  laboratory  dryer  with  a  solution  of  90  per  cent  Ludox®  and  10  per 
cent  Cab-O-Sil®.  This  mixture  flowed  more  evenly  than  fused  silica 
slip  and  the  spray  dried  results  Indicate  better  atomization  was 
obtained. 

Resv.lts  with  the  spray  dried  powders  received  from  Bowen 
Engineering  were  inconclusive.  Several  dryer  adjustments  produced 
small  samples  of  3  powders,  which  limited  the  number  of  bars  which 
could  be  pressed,  and  the  bars  which  were  pressed  had  low  green 
strength.  This  problem  should  be  solvable  by  addition  of  a  suitable 
binder  in  the  slip  and/or  by  optimizing  the  spray  drying  process. 
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Because  of  the  low  green  strength,  dry  machining  was  difficult, 
and  fired  results  were  obtained  on  only  two  small  bars.  These  results 
were  contradictory  and  indicated  more  work  is  needed  to  adequately 
evaluate  powders  prepared  by  spray  drying  fused  silica  slips. 

i.  High  Purity  Fused  Silica  Grain  Mixtures  < 

Experience  with  slips  made  from  high  purity  fused  silica 
cullet  at  Georgia  Tech  shows  that  this  material  sinters  more  easily, 
with  lower  cristobalite  content,  than  slips  made  from  technical  grade 
fd»sed  silica  13/.  Because  of  these  advantages,  high  purity  glass  cullet 
was  ground  (See  Appendix  III  for  procedures  followed)  and  grain 
mixtures  made  similar  to  those  previously  evaluated. 

A  comparison  of  initial  results  is  given  in  Table  XXII.  The  high 
purity  material  shows  an  anomalously  high  cristobalite  content. 

Comparative  chemical  analysis  of  the  fired  bars  made  from  high 
purity  grain  and  high  purity  slip-cast  fused  silica  is  shown  in 
Table  XXIII. 

The  higher  Na,  K,  MgO,  and  CaO  values  obtained  with  the  high 
purity  grain  account  for  the  high  cristobalite  content.  The  higher 
A120^  content  of  the  slip  is  picked  up  by  the  long  (several  hours) 
grinding  in  alumina  ball  mills  and  is  not  detrimental.  The  increased 
contamination  undoubtedly  came  from  the  glass  cullet  grinding 
operation,  and  this  trial  should  be  repeated  under  improved 
experimental  contitions . 

Also,  further  trials  are  needed  to  evaluate  the  high  purity 
grain  at  shorter  firing  times. 


*  High  purity  fused  silica  refers  to  slips  or  grain  made  from  high 
purity  fused  silica  glass  cullet  rather  than  technical  grade  fused 
silica  obtained  from  the  crude  arc  fusion  of  silica  sand. 
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TABLE  XXtl 


ISOSTATICALLY  PRESSED  HIGH  PURITY  FUSED 
SILICA  GRAIN  MIXTURES 


Firing  Time 

(2300°  F) 

High  Purity  Grain 

Technical  Grain 

4.75  hr 

4.75  hr(d) 

Green  Density 
(gm/cc) 

1.4l<b> 

1.48 

Fired  Density 
(gm/cc) 

1.95<b> 

1.96 

Fired  Shrinkage 

10.1<b> 

10.5 

MOR  (psi) 

800(c) 

1440 

Cristobalite 

(%) 

~  70(c) 

11.7 

^a^powder  based  on  70  per  cent  -50  +100  mesh;  30  per 
Cab-O-Sil®  addition:  bars  pressed  @  30,000  psi. 

cent  -325  +35  per  cent 

^ Based  on 

average  of  5 

solid  bars. 

^Based  on 

average  of  2 

solid  bars. 

^Based  on 

average  of  4 

solid  bars. 
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TABLE  XXIII 


COMPARATIVE  SPECTROGRAPHIC  ANALYSES  OF  PRESSED  HIGH 
PURITY  GRAIN  AND  SLIP-CAST  FUSED  SILICA 


High  Purity 

Grain 
(Weight  7«) 

High  Purity 
SCFS  (Average 
Weight  7.) 

Na 

.02 

.004 

K 

.02 

.001 

Li 

.002 

.001 

.18 

.323 

Ti02 

.004 

.004 

Fe2°3 

.008 

.013 

MgO 

.019 

.010 

CaO 

.019 

.011 

*Si02 

99.73 

99.64 

*  By  difference 
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k.  Radome  Tooling  and  Pressing 

Tooling  designed  to  press  a  cone  approximately  6  inches 
high  by  5  inches  in  diameter  is  shown  in  Figure  15.  This  permitted 
the  interior  conical  mandrel  to  be  positioned  \rtiile  powder  was  being 
poured  into  the  space  between  the  outer  bag  and  the  mandrel,  provided 
support  and  a  seal  £or  the  filled  bag,  and  permitted  evacuation  before 
pressing.  The  filled  bag  remained  in  the  perforated  outer  support 
during  pressing.  Initial  results  with  radome  shapes  pressed  with 
the  tooling  shown  in  Figure  15  were  encouraging.  For  pressing 
procedures  used  see  Appendix  IV. 

The  wall  thickness  of  these  shapes  was  relatively  uniform,  and 
interior  dimensions  of  the  green  part  can  be  held  to  close  tolerances 
because  pressing  is  done  against  a  mandrel.  Outside  tolerances 
are  controlled  by  powder  packing  densities  prior  to  pressing  and 
pressing  pressure,  parameters  which  should  become  uniform  after 
powder  preparation,  filling  procedures,  and  pressing  pressures  have 
been  standardized. 
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C.  Discussion 


1.  Powder  Preparation 

Green  packing  densities  of  slip-cast  fused  silica  and  the 
best  fused  silica  grain  mixtures  show  values  of  approximately  85  and 
70  per  cent  theoretical  density,  respectively.  This  indicates  that 
to  improve  fired  density,  shrinkage,  and  strength  of  pressed  powders 
we  must  first  obtain  better  green,  densities  with  fused  silica  grain 
mixtures.  The  best  pressed  densities  show  values  of  about  73  per  cent 
theoretical,  indicating  that  pressed  density  is  principally  controlled 
by  the  packing  characteristics  of  the  grain  mixture.  Fired  properties 
of  the  pressed  powders  show  that  Cab-O-Sil®  additions  are  needed  to 
promote  sintering  required  to  obtain  reasonable  fired  densities, 
even  though  these  additions  lower  green  pressed  densities  and 
increase  shrinkages.  Cab-O-Sil®  also  performed  as  a  green  binder. 
Improved  green  packing  densities  would  improve  sintering  properties, 
and  thus  reduce  the  necessary  Cab-O-SiT^  additions.  Blending  Cab-0- 
Sil®  and  grain  mixtures  is  somewhat  difficult,  and  thorough  mixing 
was  found  to  be  necessary. 

The  characteristics  of  agglomerated  colloidal  silica  (Cab-0- 
Sil®)  powder  show  that  considerably  more  pre-sintering  is  needed  to 
reduce  the  fired  shrinkage  to  reasonable  levels.  It  is  known  from 
previous  work  at  Georgia  Tech  16/  that  high  grade  fused  silica  can 
be  produced  from  such  powders.  Therefore,  it  may  be  possible  to 
produce  fused  silica  spheres  with  this  technique  which  would  have 
better  packing  characteristics  than  the  angular  particles  obtained 
by  grinding  fused  silica. 
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2.  Spray  Drying 

Fused  silica  slip  shows  non-Newtonian  (dialatant)  flow 
characteristics  which  would  impair  flowability  through  a  spray  dryer 
atomizer.  However,  the  slip  mixtures  made  from  colloidal  silica 
(Cab-o-Sil^  and  Ludox°)  were  Newtonian,  and  fine  spherical  powders 
were  produced.  This  indicates  that  it  may  be  desirable  to  evaluate 
slip  additives  which  would  improve  flow  characteristics,  then  dry  these 
slips  in  a  larger  dryer  such  as  the  one  used  by  Bowen  Engineering  to 
obtain  a  spherodized  product. 

3.  High  Purity  Fused  Silica  Grain 

The  high  cristobalite  levels  shown  with  the  high  purity  grain 
mixtures  are  probably  caused  by  contaminants  introduced  in  the  grinding 
operation.  It  would  seem  reasonable  to  repeat  this  test  with  cullet 
ground  in  high  alumina  ball  mills,  or  in  some  other  way  thoroughly  clean 
the  cullet  prior  to  firing. 

4.  Pressing  of  Radome  Shapes 

The  tooling  initially  designed  to  press  a  radome  shape  should 
be  modified  to  improve  the  seal  between  the  cap  and  rubber  bag  because 
leaking  in  this  area  was  a  problem.  The  present  tooling  is  suitable  for 
forming  numerous  test  shapes  which  could  be  used  to  establish  approximate 
forming  times,  green  trimming  procedures,  and  firing  tolerances. 

D,  Conclusions 

1.  The  work  to  date  indicates  a  radome  shape  can  be  formed  by 
isostatic  pressing. 

2.  The  fired  properties  of  pressed  fused  silica  are  closely  re¬ 
lated  to  the  packing  and  sintering  characteristics  of  the  powder 
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compositions.  The  properties  of  pressed  fused  silica  tested  so  far 
do  not  equal  those  of  slip-cast  fused  silica.  More  work  is  needed 
to  develop  a  powder  with  a  satisfactory  particle  size  distribution  which 
will  press  to  the  required  densities.  Initial  tests  indicate  that  spray 
drying  of  fused  silica  slip  in  a  large  spray  dryer  may  be  a  feasible 
way  to  prepare  such  a  powder. 

E.  Author's  Opinion  of  the  Isostatic  Process  as  an  Alternative 
Forming  Process  for  Fused  Silica  Radome  Shapes: 

Isostatic  pressing  would  offer  the  most  potential  in  the  sit¬ 
uation  that  required  rapid  fabrication  of  relatively  large  numbers 
(several  hundreds)  of  a  particular  radome.  The  initial  costs  of 
tooling  and  pressure  vessels  must  be  balanced  by  the  time  saving 
projected,  however,  the  technology  and  equipment  are  available. 

Cycles  of  30  minutes  per  radome  should  be  possible  with  re¬ 
latively  simple  tooling  and  contnerically  available  pressure  vessels. 
Assuming  a  suitable  powder  is  available  and  that  tooling  design  has 
been  worked  out,  a  rejection  rate  of  10  to  20  per  cent  would  be 
estimated  as  reasonable.  This  estimate  is  based  on  experience  with 
the  isostatic  forming  of  toilet  tanks  and  electrical  porcelain  blanks. 

Spray  drying  of  fused  silica  slip  in  a  large  dryer,  based  on 
initial  tests,  appears  to  offer  good  potential  for  powder  preparation. 
Two  questions  need  to  be  answered;  (A)  can  the  particle  size  distribu¬ 
tion  of  the  slips  be  retained;  (B)  can  the  granular  powder  be  pressed 
to  sufficiently  high  density  to  give  sintered  properties  similar  to 
slip  cast  fused  silica? 

Spray  drying  is  a  well  developed  process,  so  it  seems  reasonable 
to  expect  that  stack  losses  in  a  large,  properly  adjusted  dryer  would 
not  be  severe.  It  is  reportedly  possible  to  spra/  dry  solid  granules 
(the  granules  obtained  on  initial  trials  were  hollow),  which  would 
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increase  powder  density  and  thus  reduce  the  compaction  required  during 
pressing.  Binder  additions  can  be  made  to  improve  green  strength,  and 
might  also  provide  lubrication  during  pressing. 

If  drying  conditions  can  be  found  which  produce  a  satisfactory 
powder,  then  it  should  be  possible  to  supply  a  consistent  powder  in 
production  quantities  at  relatively  low  costs. 

Based  on  experience  with  the  successful  spray  drying  of  por¬ 
celain  slips,  and  the  favorable  appearance  of  the  granular  powders 
obtained  during  initial  trials  with  fused  silica  slip  spray  dried 
in  a  large  dryer,  the  process  appears  feasible. 

The  above  is  the  basis  of  our  statement  in  the  abstract,  "the 
isostatic  pressing  process  has  potential  but  further  development  is 
still  needed." 

F,  Recomnendations  for  Future  Work 

1.  Packing  studies  with  fused  silica  grain  indicate  that  it  is 
difficult  to  obtain  packing  densities  higher  than  ~  0.72  theoretical, 
while  slip-cast  fused  silica  has  densities  of  ~  0.85  theoretical.  It 
would  be  desirable  to  combine  the  packing  densities  of  slip  with  the 
rapid  forming  possible  with  isostatic  pressing.  This  could  possibly 
be  done  by: 

a.  Substituting  the  solid  mandrel  shown  in  Figure  14 
with  a  strong  but  porous  material,  i.e.,  porous 
metal; 

b.  Covering  the  porous  mandrel  with  filter  paper  or 
other  suitable  material; 

c.  Filling  the  cavity  with  slip  rather  than  powder, 
then  sealing; 

d.  Pressing  (30,000  psi). 
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This  should  result  in  a  green  casting  with: 

(1)  Lower  moisture  than  plaster  castings; 

(2)  Rapid  forming. 

2.  High  purity  fused  silica  spheres  made  from  colloidal  powders 
may  permit  a  final  product  with  unique  purity  and  green  packing  densities 
of  ~  0.85  theoretical.  The  technology  is  available  for  making  these 
pellets,  and  experience  shows  16/  that  raw  material  purity  is  influential 
in  controlling  the  sintering  and  final  physical  properties  of  rebonded 
fused  silica. 

3.  Green  fused  silica  parts  could  be  processed  more  easily  if  their 
strength  was  higher  and  if  sufficiently  strong,  could  be  machined  prior 

t  firing.  Therefore,  a  thorough  evaluation  of  commercial  binders  may  be 
rewarding. 

4.  Spray  drying  appears  to  cllar  °;ood  potential  for  powder  pre¬ 
paration.  This  process  should  be  evaluated  to  determine: 

a.  Optimum  particle  size  distribution  of  dried  spheres; 

b.  Optimum  particle  density; 

c.  Minumum  loss  of  fine  fraction. 

Soray  dried  powders  may  offer  the  filling,  pressing,  ard  sintering 
properties  needed  for  isostatic  forming.  However,  a  suitable  green 
binder  would  be  required  to  increase  green  strengths. 
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APPENDIX  I 


SINTERING  DATA  FOR  SILICON  CARBIDE/SILICA  COMPOSITE 


SINTERING  DATA  FOR  SILICON  CARBIDE/SILICA  COMPOSITES 
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APPENDIX  II 

GRAPHICAL  REPRESENTATION  OP  DENSITY  AND  SHRINKAGE 
VERSUS  FIRING  TIME  (2300°  F)  FOR  ISOSTATICALLY  PRESSED  POWDERS 


Density  Versus  Sintering  Time  @  2300°K 


Density  Versus  Sintering  Time  §  2300  F 


5  INTER  I NG  TIME 


Figure  x6e.  Density  Versus  Sintering  Time  §  2300°F 
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Figure  17a.  Shrinkage  Versus  Sintering  Time  6  2300  F 


Figure  17b.  Shrinkage  Versus  Sintering  Time  @  2300°F 


Shrinkage  Versus  Sintering  Time  @  2300°F 


APPENDIX  III 


MILLING  OF  HIGH  PURITY  FUSED  SILICA  ( SYLVAN IA)  COLLET 


A  porcelain-lined  55-gallon  ball  mill  was  cleaned  by  first  milling 
75  lbs,  of  -50  +100  mesh  technical  grade  fused  silica  gram  for  approx¬ 
imately  20  minutes.  Both  the  grain  and  grinding  balls  were  emptied  from 
the  mill,  then  recharged  with  100  -  150  lbs.  of  alumina  grinding  media 
and  50  lbs.  of  the  high  purity  glass  cullet.  After  grinding  for  40 
minutes  the  cullet  was  screened,  giving  the  following  particle  size 
distribution: 

Mesh 

+50 

-50  +100 
-100  +200 
-200  +325 
-325 


Weight  (lbs.) 
9 

12.5 

11.75 

6 

7 


TOTAL  46.25  lbs. 
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APPENDIX  IV 


PROCEDURE  USED  TO  PRESS  RADOME 

The  component  list  (Figure  14)  and  assembly  procedure  for  the 

radome  fabrication  is  as  follows; 

a.  Centering  ring  for  mandrel 

b.  Aluminum  cap  and  evacuating  valve 

c.  Spacing  ring 

d.  Stainless  steel  internal  mandrel 

e.  Rubber  containment  bag 

f.  Perforated  aluminum  dam 

1.  The  rubber  containment  bag  (Part  e)  was  placed  in  aluminum  dam 
(Part  f) .  The  outside  dimensions  of  the  rubber  bag  corresponded 
to  the  inside  dimensions  of  dam.  The  rubber  bag  extended  one 
inch  over  the  height  of  dam, 

2.  The  spacing  ring  (part  c)  was  placed  on  the  dam  to  prevent  the 
centering  ring  (Part  a)  from  contacting  the  top  of  the  rubber  bag, 

3.  The  internal  mandrel  (Part  d)  was  screwed  onto  the  centering  ring 
(Part  a)  and  inserted  into  the  rubber  bag.  This  resulted  in  an 
open  space  of  1/2-inch  around  the  surface  of  the  mandrel.  There¬ 
fore,  the  radcme  fabricated  would  have  a  1/2- inch  thick  wall 
before  pressing. 

4.  The  radome  was  packed  by  flowing  powder  through  the  openings  in 
the  centering  ring  and  by  a  combination  of  tapping  and  vibrating 
the  whole  assembly.  The  process  was  continued  until  the  powder 
level  reached  the  edge  of  the  internal  mandrel  base. 

5.  The  centering  ring  was  unscrewed  and  both  it  and  the  spacing 
ring  were  removed  from  the  assembly  (The  internal  mandrel 
remaining  in  the  rubber  mold) . 
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The  aluminum  cap  (Part  b)  was  placed  on  top  of  the  internal 
mandrel  and  inside  the  rubber  bay.  The  cap  was  1/2-inch  in 
thickness  with  a  groove  and  a  0-ring  around  its  circumference 
in  order  to  obtain  a  good  seal  with  the  rubber  bag.  A  hose 
clamp  was  placed  on  the  outside  of  the  rubber  bag  (at  the  location 
of  the  cap)  and  tightened. 

Using  the  needle  valve  on  the  cap,  the  system  was  evacuated  and 
the  valve  closed. 

The  assembly  (aluminum  dam,  rubber  bag,  internal  mandrel  and  cap) 
was  lowered  in  the  cavity  of  the  isostatic  press. 

After  pressing,  the  hose  clamp,  cap  and  rubber  bag  were  removed 
and  the  internal  mandrel  taken  out  of  the  radome. 
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The  objectives  of  this  program  are  to  develop  composite  materials  based  on 
slip-cast  fused  silica  which  have  a  higher  degree  of  rain  erosion  resistance 
and  ablation  resistance  than  fused  silica  itself,  and  to  develop  a  method  other 
than  slip  casting  for  fabrication  of  rebonded  fused  silica  radotnes. 

Task  I  of  this  program  studies  the  effects  of  small  additions  of  SiC  and 
SLjN.  on  the  ablation  and  rain  erosion  resistance  of  slip-cast  fused  silica. 

The  6est  composites  were  in  the  range  of  10  per  cent  SiC  and  10  per  cent 
Si,N, .  Ablation  resistance  was  improved  with  both  additives,  but  resistance 
to  rain  erosion  did  not  show  any  improvement  under  the  test  conditions  used. 

Task  II  of  this  program  evaluated  isostatic  pressing  as  an  alternate  radome 
forming  method.  Rados.a  shapes  were  pressed;  however,  physical  properties  cf 
the  pressed  fused  r.-.lic.  powders  were  less  than  those  of  slip-cast  items. 

Work  so  far  indica  chat  the  isostatic  pressing  process  has  potential,  but 
that  further  development  is  still  needed. 
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